In isolated human pial arteries (diameter 0.4-0.5 mm), contrac tions were produced by potassium, noradrenaline, serotonin, and prostaglan din F2,.. For comparison, experiments were also performed on human mesen teric arteries. Threshold concentration for potassium-induced contraction in pial arteries was about 10 mM; in mesenteric arteries it was 3 -5 mM higher. In pial arteries the calcium antagonists nifedipine and nimodipine caused an al most complete relaxation of contractions induced by potassium at drug con centrations relaxing prostaglandin F2,.-contracted vessels to only about 60%.
for relaxing cerebral than mesenteric arteries contracted by potassium (p < 0.001). No such difference was demonstrated for nimodipine. In pial arteries pretreated in a calcium-free medium for 30 min, potassium depolarisation elic ited contractions reaching a maximum amplitude of about 40% of that evoked in normal Krebs solution. Both nifedipine and nimodipine effectively inhibited contractions induced by calcium in pial arteries pretreated in a calcium-free medium and depolarised by potassium. The results suggest that potassium, amines, and prostaglandin F2,. activate isolated pial and mesenteric arteries by different calcium-dependent mechanisms and confirm the potent relaxant ef fects of nifedipine and nimodipine in these vessels. Key Words: Human pial arteries-Extracellular calcium-Calcium inhibitors.
Cerebral blood flow, as well as the blood flow to other organs, is regulated by changes in blood ves sel diameter. These changes are mediated through a complex interaction between neurotransmitters, circulating and local hormones, and other physi cochemical factors (Johansson, 1978) . Even if im portant differences exist between the mecha nisms that activate arteries in various vascular re gions, many basic factors seem to be in common (Casteels, 1980) . A final pathway, common for all activation mechanisms, is an increase of the cyto-plasmatic calcium concentration. Johansson (1971) suggested that myogenic spontaneous tone and va somotor responses to extrinsic stimuli in many blood vessels are mediated by electrical responses of the smooth muscle cell membrane, a process termed electromechanical coupling by Somlyo and Somlyo (1968) . Electromechanical coupling has been dem onstrated in isolated rabbit pial arteries (Lusomvuko et aI., 1979) .
Action potentials initiating mechanical activity are caused in some types of smooth muscle by an influx of calcium from the extracellular medium (Brading et aI., 1968) . Bolton (1979) suggested that this calcium influx occurs through specific voltage sensitive calcium channels, which open when the potential across the membrane is reduced. The same type of channel may also be opened by, for example, potassium depolarisation. In many blood vessels, tension development may be produced without associated electrical activity (Somlyo and Somlyo, 1968; Droogmans et aI., 1977) . In this case, the increase in cytoplasmic calcium is believed to depend on the opening of another type of calcium channel in the membrane, the receptor-operated channel (Bolton, 1979) . However, it cannot be excluded that drugs activating smooth muscle, e.g., noradrenaline, will also induce a release of calcium from intracellular stores.
Although much information is available con cerning calcium dependent-activation mechanisms in vascular smooth muscle from various regions in animals as well as in man (van Breeman et aI., 1972; Betz et aI., 1973; Ito and Kuriyama, 1977; van Breeman, 1977; Betz and Csornai, 197 8; Mikkelsen et aI., 1978a,b; Allen and Banghart, 1979; Ed vinsson et aI., 1979; Shimizu et aI., 1980) , little is known about these processes in human cerebral arteries. In the present study, isolated human pial arteries were activated by potassium, noradrena line, serotonin, and prostaglandin F2a in normal Krebs solution, in the presence of drugs inhibiting calcium influx, and in a calcium-free medium. For comparison, isolated human mesenteric arteries were also studied.
METHODS

Blood Vessels
Pial arteries (diameter approximately 0.5 mm in situ) were removed by sharp cutting of a rectangular piece of cortical tissue before decompressive lobectomy was performed in patients suffering from cerebral gliomas. The brain cortex was in no case infiltrated by the tumour. All vessels were removed under general anaesthesia. Before intubation pa tients were given 0.005 mg kg-1 fentanyl for analgesia and 0.03 mg kg-1 pancuronium (Pavulon®). Thio penthal sodium (Pentothal®) was supplied in doses to achieve sleep, and after intubation the patients received additional Pavulon® in a dose of 4-5 mg. Anaesthesia was maintained by ventilation with a gas mixture of 60% N202 and 40% O2,
In patients undergoing abdominal surgery and bowel resection, macroscopically normal parts of the omentum were removed. Anaesthesia was given as described above.
J Cereb Blood Flow Metabol, Vol, 1, No, 3, 1981 All vessel specimens were placed in a chilled Krebs solution and transported to the laboratory for further dissection. Both pial and mesenteric vessels were often mounted in the organ bath within 15 min after removal. Segments with an outer diameter of 0.2-0.5 mm and about 3-5 mm long were selected. Some vessels were kept in Krebs solution at 4°C for later use (up to 24 h).
Recording
The arteries were mounted in a 5-ml tempera ture-controlled organ bath containing Krebs solu tion. The temperature was kept at 37°C and the bathing solution was bubbled with 95% O2 and 5% CO2, giving a pH of approximately 7.4. A system of L-shaped metal holders was used for recording of the mechanical activity of the vessel segments (Hogestatt et aI., 1980) . Isometric tension was recorded by means of Grass Ft 03 transducers con nected to a Grass P7 polygraph. After mounting, the vessel segments were subjected to a passive force of 5 millinewtons (mN) and allowed to stabilize at this level during an equilibration period of Ph h.
Assessment of Effects
All preparations were contracted by potassium, 127 mM, as a test of reactivity of the vessels. Concentration-response curves were obtained for potassium, prostaglandin F2a(PGF2a), noradrenaline (NA), and 5-hydroxytryptamine (5-HT) by adding these contractile agents cumulatively. Potassium was also added noncumulatively. The effects of cal cium antagonists were recorded in two ways:
1. The ability of the drugs to relax preparations contracted by potassium, 127 mM, or PGF2a, 2.5 f,LM, was assessed by adding them cumulatively. Their relaxant effect was expressed as the percentage of the imposed contraction.
2. The ability to inhibit contractions was studied by adding the drugs 10 min before contractions were elicited by N A or 5-HT.
In order to study the effects of extracellular cal cium on the action of the contractile and relaxant agents, the responses were investigated after a standard pretreatment in a calcium-free medium (for composition, see below) for 30 min.
Solutions
The "standard Krebs" solution had the following composition (mM): NaCl, 119; KCl, 4.6; CaCI2, 1.5; MgCI2, 1.2; NaHC03, 20; NaH2P04, 1.2; glucose, 11. The solutions used for potassium depolarisation contained 8, 10, 12.5, 15, 20, 40, 60, or 127 mM KCl, with NaCI decreased correspondingly. Otherwise, the composition was the same as for standard Krebs solution. Calcium-free medium was prepared by omitting CaCl2 and adding 0.01 mM EGTA to reduce the amount of contaminating calcium. All the solu tions were prepared on the day of the experiment. Double-distilled water and analytic-grade chemicals were employed. Drugs L-Noradrenaline hydrochloride (Sigma), 5hydroxytryptamine creatinine hydrochloride (Sig ma), cocaine hydrochloride (ACO), prostaglan din F2" (Amoglandin®, Astra), and propranolol hy drochloride (ACO) were dissolved in 0.9% NaCl. Nifedipine (Bayer AG) and nimodipine (Bayer AG) were supplied in ampoules containing 0.1 mg/ml, kept in dark at 4°C, and opened just before use. All concentrations throughout are given as the final concentration in the organ bath.
Analysis of Data
The EC50 values (molar concentration of drug at which half-maximum response occurs) were calcu lated and used as measures of potency. The results are generally expressed as mean values ± SEM. Differences between mean values were determined by Student's t-test. 
RESULTS
Effects of Potassium
In both cerebral and mesenteric arteries, potas sium added cumulatively or noncumulatively in duced concentration-dependent contractile re sponses. No relaxant effects were observed. In ce rebral arteries, the threshold for contraction was approximately 10 mM (Fig. 1) , and more than half maximum effect was reached at a concentration of 20 mM. The response to potassium was unchanged whether or not cocaine and propranolol, 1 f.LM each, or prazosin (1 f.LM) was present in the buffer solution.
Contractions produced by 127 mM potassium consisting of one rapid and one slowly developing phase (Fig. 2) were reproducible for at least 5-6 h if the preparations were rapidly washed with normal Krebs solution when maximum tension was reached and if an equilibration period of 20-30 min was al lowed between the stimulations. A contraction was stable for at least 30 min. Threshold for potassium contraction in mesenteric arteries was about 13-15 mM.
Effects of PGF 2a and Amines
PGF2a evoked a concentration-related contrac tion of the cerebral arteries. At a concentration of 2.5 J.LM, the maximum tension obtained was of sim ilar magnitude to that produced by 127 mM potas sium (Fig. 3) . The response was reproducible for up to 5-6 h if elicited at 20-to 30-min intervals. Con tractions were stable for at least 20-30 min. Mesenteric arteries, on the other hand, responded poorly to PGF2a• When a contraction was induced, it was weak and unstable.
NA and 5-HT both contracted cerebral (Figs. 4, 5) and mesenteric arteries in a concentration-related way. These responses were almost as reproducible and as stable as those elicited by PGF2a in pial ves sels. However, when compared to potassium induced contractions, the maximum contraction induced by the amines varied.
Responses of vessels investigated immediately after removal were similar to those of vessels kept overnight at 4°C.
Effects of Calcium-Free Medium
After a 30-min exposure to calcium-free medium, the responses to potassium decreased from 7. 0.6 mN (n = 11) to 2.4 ± 0.2 mN, and those to NA and 5-HT from 2.3 ± 0.8 (n = 4) and 3.1 ± 0.5 mN (n = 5) to 0.9 ± 0.3 and 1.1 ± 0.3 mN, respectively (Fig. 4) . The contractions induced by potassium were completely restored 30 min after reintroduction of calcium into the bathing solution (Fig. 4) , where as those evoked by NA and 5-HT were only par tially restored. 
Effects of Calcium Antagonists
The pial vessels contracted by potassium were almost completely relaxed (95%) by nifedipine and nimodipine, 3 JL M (Figs. 3, 7) . In a concentration of 0.15 JL M, nifedipine reduced the maximum con tractions produced by NA to 29 ( Fig. 5a ) and those of 5-HT to 42 percent (Fig. 5b) of the control con tractions obtained by the amines in the absence of the calcium antagonists.
The contractions produced by potassium in human mesenteric arteries were almost completely inhibited (96%) by the calcium antagonists (Fig. 6) .
Both pial and mesenteric vessels were thus re laxed to approximately the same extent, but small differences in EC50 values could be demonstrated between the two vasculm regions and between the calcium antagonists (Table 1) . Nifedipine was more potent in cerebral than in mesenteric vessels (p < 0.001). Nimodipine had lower EC50 values than nifedipine in both types of vessel (Table 1) . How ever, there was no statistically significant difference between cerebral and mesenteric arteries in re sponse to nimodipine (p > 0.05).
Pial vessels contracted by PGF2a were relaxed by both nifedipine and nimodipine to about 60 percent at concentrations causing almost complete relaxa tion of potassium-contracted vessels (Fig. 7) . There were no significant differences in EC50 values be tween the drugs. However, the EC50 values in PGF2 acontracted vessels were significantly higher for both drugs than in potassium-contracted arteries (p < 0.001) ( Table 1) .
Inhibition of Calcium-Induced Contractions
When pretreated for 30 min in a calcium-free so lution and depolarized by 127 mM potassium, the pial vessels were contracted in a concentration related way when the extracellular calcium con centration was increased from 0 to 4 mM (Fig. 8) . In the absence of extracellular calcium, pretreatment with nifedipine for 10 min (and nimodipine in two experiments) caused a further reduction of the re sponse to potassium from 43 ± 9 to 2.2 ± 0.2 per cent (p < 0.001) of the response in normal Krebs solution. Both nifedipine and nimodipine (0.15 JL M) inhibited the contractions evoked when calcium was re-introduced into the organ bath (Fig. 8 ).
DISCUSSION
It is well known that an increase in external potassium concentration in the range of 1-15 mM can cause both relaxation and contraction of vas cular smooth muscle (Kuschinsky et al., 1972;  (M) (6.9 ± \.9) x 10-9 (2.3 ± 1. 5) x 10-9
(2. 1 ± 1.3) x 10-8 (6. 5 ± 1. 3) x 10-9
Values given are mean values ± SEM. , 1978) . In the present study, no relaxant ef fect was observed when the potassium concentra tion was increased above 4.6 mM. The threshold for contraction was approximately 10 mM in cerebral arteries and about 13-15 mM in mesenteric arteries. The difference between the two types of vessel may be attributed to differences in the electrogenic Na+-K+ exchange. However, Casteels (1980) sug gested that changes in extracellular potassium exert their action on the autonomic nervous system and that changes of tension depend on the release of transmitter. If this suggestion is valid, the thresh old difference may be ascribed to differences in the distribution of autonomic nerves in the arteries. On the other hand, the presence of cocaine and propranolol or of prazosin did not change the thresh old for potassium activation, which does not favour this view. Maximum tension was obtained when contrac tions were induced by 127 mM potassium. Two phases were discernible in the contraction: an initial rapid response and a more slowly developing later phase. This pattern of response is well known from smooth muscle of other vascular regions, in animals as well as in man. The potassium contraction is probably dependent on extracellular or surface membrane associated calcium for both the rapid and slow phases (van Breemen et aI., 1972; Deth and van Breemen, 1974) . In agreement with this view, treatment in a calcium-free medium for 30 min rapidly and markedly decreased the responses to potassium. The reduction of contractions induced by NA or 5-HT under the same conditions was not- ably lower. After re-introduction of calcium to the organ bath, the potassium-induced contractions were almost completely restored, in contrast to those induced by the amines. These findings are consistent with the view that the amines to some extent use intracellularly stored calcium for their contractile action and that these stores are refilled relatively slowly. Drugs like nifedipine and nimodipine are believed to block the inflow of calcium through membrane potential-sensitive calcium channels (Fleckenstein, 1977; Bolton, 1979) . Supporting this concept, prep arations contracted by potassium were almost com pletely relaxed by the calcium antagonists, whereas cerebral arteries contracted by PGF2a were relaxed only to approximately 60%. This agrees with find ings in human crural arteries (Mikkelsen and Andersson, 1978a) and may be taken as evidence for an intracellular action of PGF2a• However, it might also be explained by PGF2a opening calcium channels in the membrane that cannot be blocked by calcium antagonists. The finding that nifedipine only partly suppressed contractions induced by NA and 5-HT may be explained in a similar way.
Haddy
After a 30-min treatment in a calcium-free medium, the response to potassium (127 mM) of pial arteries was reduced by about 60%. A similar treatment of human crural arteries resulted in a 40% reduction of the potassium-induced contraction (Mikkelsen et al., 1978b) . These findings suggest either that the time of exposure was insufficient to remove surface-associated calcium or that potas sium can also mobilize intracellular calcium stores. Removal of calcium for 30 min, including pretreat ment with nifedipine for 10 min, almost completely reduced the response to potassium-a finding that may indicate that nifedipine not only prevents ex tracellular calcium from entering the cell, but also alters subsequent steps in the excitation-contraction coupling as suggested by Church and Zsoter (1980) . Shimizu et al. (1980) found in experiments on dog cerebral and mesenteric arteries contracted by PGF2a, but not by potassium, that nifedipine had a greater relaxant effect on cerebral than mesenteric vessels. The present findings also suggest that in human vessels contracted by potassium, nifedipine was more effective in pial than mesenteric arteries. This supports the concept of regional as well as species variations in sensitivity to calcium antag onists in vascular smooth muscle.
